The rotation of more than 700 pulsars has been monitored using the 76-m Lovell Telescope at Jodrell Bank. Here we report on a new search for glitches in the observations, revealing 128 new glitches in the rotation of 63 pulsars. Combining these new data with those already published we present a database containing 315 glitches in 102 pulsars. The database was used to study the glitch activity among the pulsar population, finding that it peaks for pulsars with a characteristic age τ c ∼ 10 kyr and decreases for longer values of τ c , disappearing for objects with τ c > 20 Myr. The glitch activity is also smaller in the very young pulsars (τ c 1 kyr). The cumulative effect of glitches, a collection of instantaneous spin up events, acts to reduce the regular long term spindown rate |ν| of the star. The percentage of |ν| reversed by glitch activity was found to vary between 0.5% and 1.6% for pulsars with spindown rates |ν| between 10 −14 and 3.2 × 10 −11 Hz s −1 , decreasing to less than 0.01% at both higher and lower spindown rates. These ratios are interpreted in terms of the amount of superfluid involved in the generation of glitches. In this context the activity of the youngest pulsar studied, the Crab pulsar may be explained by quake-like activity within the crust. Pulsars with low spindown rates seem to exhibit mostly small glitches, matching well the decrease of their crustal superfluid.
INTRODUCTION
Pulsar timing, the method by which the rotation of pulsars is described, is a high precision discipline. Often, with a very simple model it is possible to predict every turn of the star over many years, with an accuracy of a few microseconds, or better. This accuracy makes it possible to detect and measure very small perturbations affecting the normal rotation of the star, supplying information about processes inside and outside the pulsar. Two types of timing irregularity have been recognised which still remain to be well understood: timing noise and glitches. Timing noise refers to unexpected, thus unmodelled, features in the timing residuals relative to a simple slowdown model. It can be described as a random wondering of the residuals, sometimes presenting a clear quasiperiodic behaviour . Perhaps most, if not all, of this has recently been shown to arise in instabilities in the pulsar magnetosphere which result in steps E-mail: cme@jb.man.ac.uk in the slowdwon rate . On the other hand, glitches are discrete changes on the pulsar rotation rate, often followed by a relaxation. Our knowledge of the physics behind glitches has increased fairly slowly (Glampedakis & Andersson 2009) , probably due to the lack of relevant observational input to constrain the physical models. The study of glitches is important, as they are one of the very few instances through which we can study the interior of a neutron star and the properties of matter at super nuclear density (Baym et al. 1969) . They also have proved to play an important role in the long-term spin evolution of young pulsars , and, if the gravitational radiation related to glitches was to be detected, relevant information on the interior and orientation of the pulsar could be obtained (van Eysden & Melatos 2008 ).
Glitches are rare events of very short duration, seen in the data as sudden jumps in rotational frequency (ν), normally ranging between 10 −3 µHz and ∼ 100 µHz. Following a glitch, the pulsar sometimes enters a stage of recovery, in which the rotation frequency decays towards the pre-glitch value. These recoveries have been interpreted as a signature of the presence of a superfluid in the interior of the star (Baym et al. 1969) . Glitches are thought to be the result of a rapid transfer of angular momentum between this inner superfluid and the outer crust, to which the neutron star magnetosphere is attached and whose radiation we observe. The crust is thought to be slowed down by electromagnetic torques provided by the magnetosphere, and because the frictional forces between these two layers are small, the superfluid keeps rotating faster than the crust, with an angular velocity lag which is reduced during a glitch (e.g. Anderson & Itoh 1975; Alpar et al. 1984 ) and which subsequently recovers. No change of pulse profile or radio flux density has ever been reported to be associated with a glitch in a normal radio pulsar. The coincidence observed between glitches and enhancement in X-rays flux in a few magnetars (Woods et al. 2004; Israel et al. 2007; Dib et al. 2007) , and particularly in the high magnetic field X-ray pulsar PSR J1846−0258 (Kuiper & Hermsen 2009; Livingstone et al. 2010) , seems to belong purely to very high magnetic field neutron stars. Outburst episodes, thought to be caused by magnetic field decay (Thompson & Duncan 1995; Thompson & Duncan 1996) , are often detected from these objects, but are not always found associated with glitches, as glitches are not always related to X-ray flux variations (Dib et al. 2008) .
As a result of regular monitoring of a large number of pulsars, a few of which glitch relatively often, some trends in glitching behaviour have been revealed. If a glitch occurs when the angular velocity difference between the two main inner components is reduced, then the glitch activity should decay with the spindown rate of the pulsar, |ν| (McKenna & Lyne 1990 ). This has been proven by Lyne et al. (2000) , who showed that the rate of spin-up due to glitches is proportional to |ν|, for pulsars with |ν| between ∼ 10 −14 Hz s −1 and ∼ 10 −11 Hz s −1 . The characteristic age τc = −ν/2ν has also been used as a parameter to describe the glitch activity of pulsars, indicating that activity peaks for τc ∼ 10 4 yr and decreases for older pulsars (McKenna & Lyne 1990; Wang et al. 2000) . Additionally, it has been observed that very young pulsars (τc < 2 × 10 3 yr) also have little glitch activity (Shemar & Lyne 1996) , an effect attributable to their likely higher internal temperature (McKenna & Lyne 1990) .
In this paper we present the results of a new search for glitches performed using the Jodrell Bank pulsar timing database. Together with 186 glitches that can be found in the literature, the 128 new glitches found in this work are used to study the glitching behaviour of pulsars. Section 2 describes the data and section 3 explains how these were analysed to extract the glitches and their main parameters. In section 4 the large glitch database is presented, and then analysed in the next section. Finally, sections 6 and 7 present the discussion and a summary of the conclusions, respectively.
THE JODRELL BANK PULSAR TIMING DATABSE
The Jodrell Bank timing database comprises observations of more than 700 hundred pulsars, carried out at Jodrell Bank observatory (JBO) since 1978, and it is described by Hobbs et al. (2004) . In summary, observations have mostly been performed with the 76-m Lovell telescope, with some complementary observations made using the 30-m MkII and 42-ft telescopes. Every pulsar is observed at typical intervals of 2 to 10 days in a 64-MHz band centred on 1404 MHz, using an analogue filter-bank. Occasionally, observations were also carried out in a band centred at 610 MHz.
CHARACTERISING GLITCHES
Pulsar timing, the method by which the rotation of pulsars is described, is based on the analysis of the times of arrival (TOAs) of the pulses from the pulsar at the observatory. These TOAs are obtained by matching the observed pulse profile with a standard, representative template. TOAs are corrected for the motion of the observatory around the Solar System barycentre and then compared with a simple slowdown model describing the rotation of the star, that predicts that the pulse number N , arriving at time t is given by N = ν0(t − t0) + 1 2ν 0(t − t0) 2 + 1 6ν
where ν0,ν0 andν0 are the rotational frequency and its first two derivatives at the epoch t0. The model will give integer numbers if the rotational parameters are exactly correct. The fractional part of N multiplied by the period of the pulsar is called a timing residual. The frequency and its derivatives at t0 are determined by minimising the timing residuals, which in an ideal case are expected to be normally distributed around zero. The signature of a glitch in a plot of timing residuals with epoch is normally characterised by the sudden onset of a continuous increase towards negative values, relative to an ephemeris based upon preceding data, as can be seen in the first panel of Fig. 1 , where a relatively small glitch is shown. A fit of ν,ν andν to pre-glitch data describes the rotation of the pulsar well, but after the glitch a new set of parameters is needed in order to minimise the residuals satisfactorily. Panel (b) of the figure shows the residuals obtained if we attempt to fit the whole data-set in the plot with only one set of parameters. The glitch is visible with a characteristic shape, showing a sharp cusp-like feature which suggests that a single-epoch event happened at that time. Such a pattern is characteristic of glitches, while timing noise is normally seen as rounded wave-like features in the residuals, without a preferred direction and without single-epoch events.
Glitch sizes and recoveries
Glitches can also be seen in a frequency residuals plot, obtained after removing the main slope of the frequency. Fig. 1(c) shows the evolution of the frequency residuals through a glitch. The glitch is observed to be a sudden positive step in frequency, in this case followed by a negative change of the slope. The size of the frequency step is probably the main way to characterise a glitch. It is normally expressed as the fractional quantity ∆ν/ν, where ∆ν is the difference between the frequency after and before the glitch. Detected glitch sizes range between 10 −11 and 10 −5 . Glitches in the Crab pulsar are all smaller than 200 × 10 −9
while in the Vela pulsar almost all glitches are larger than 1000 × 10 −9 (Wong et al. 2001; McCulloch et al. 1990 ). Most glitches are followed by an increase in the spindown rate |ν|, which may subsequently recover towards preglitch values. Panel (d) of Fig. 1 shows the evolution oḟ ν through a glitch. Large glitches and their recoveries are easily visualised in aν-plot. Recoveries can sometimes be modelled using an exponential function with a typical time constant of ∼ 100 days, plus a longer time-scale term, which can either be represented by a second exponential with a larger time constant (∼ 1, 000 days) or by a simple linear decay of |ν| (Shemar & Lyne 1996) . The step in frequency derivative at a glitch is expressed as the fractional quantity ∆ν/ν and detected values range between 10 −4 and ∼ 1. Our ability to measure ∆ν depends strongly on how well sampled the pulsar rotation is around the glitch. Particularly, if a set of exponentials are being fitted, the reliability of ∆ν will depend on the interval size of the post-glitch data used to fit, and of course on the capacity of the model to describe the data (see Zou et al. (2008) , concerning PSR B1737−30, and Wong et al. (2001) , concerning the Crab pulsar). The results presented in this paper do not involve fitting of shortterm recoveries because their parameters depend so critically upon the usually poorly known glitch epoch.
Frequency andν plots are produced by performing fits of ν,ν and sometimesν to consecutive overlapping groups of TOAs, each group typically covering a 200 days interval. To produce a series of ν andν values the time interval is generally shifted by 100 days and the fit performed again.
Glitch detection
In our searches, all glitches were detected by visual inspection of the phase residuals, relative to a slowdown model with a maximum of two frequency derivatives. Any feature looking similar to those in the top two panels of Fig. 1 was considered as a possible glitch, and explored in detail. Medium size and large glitches (∆ν/ν ≥ 50 × 10 −9 ) always have a clear signature in the timing residuals; they are obvious and easy to differentiate from timing noise.
Small glitches are more difficult to identify. The smallest glitch ever detected is the one in the millisecond pulsar PSR B1821−24, with a fractional frequency change of only 0.0095(1) × 10 −9 (Cognard & Backer 2004) . In spite of its small size, this glitch was easy to detect, due to the natural rotational stability and small errors in the TOAs of a millisecond pulsar. In contrast, for pulsars with higher levels of timing noise and/or larger errors in the TOAs the amplitude of the glitch signature could be smaller than the noise variations, making detection more uncertain. The size of the smallest detectable glitch depends strongly on the timing noise levels of the particular pulsar, the signal-to-noise ratio of the TOAs, and also on how often the observations were made. If the TOAs are typically separated by a time longer than the glitch recovery time-scales, or there is a gap with no data, then the detection of a small glitch may not be possible, or if it is, it might be difficult to get good estimates of its epoch and size.
Determination of Glitch parameters
To estimate the glitch epoch and the size of jumps in ∆ν and ∆ν, ephemerides describing the data immediately before and after the glitch were built, by fitting ν,ν andν, and setting the epoch of both ephemerides near to an approximate glitch epoch. The two solutions are then compared, and the epoch at which the phases are the same is taken as the glitch epoch. For a large glitch (e.g. ∆ν/ν > 1000 × 10 −9 ) there could be several epochs for which this is true between the TOA's T1 and T2 that surround the glitch. In this case the glitch epoch was taken to be the average of T1 and T2, and the error was estimated as (T2 − T1)/4, which corresponds to 1-σ of a square distribution between T1 and T2. The steps ∆ν and ∆ν are found by taking the difference of the values from the two solutions at the estimated glitch epoch. The post-glitch ephemeris was always built intending to describe the pulsar rotation immediately after the glitch, ideally covering only 30 or 50 days. Unfortunately this was not always possible, because the sampling on some pulsars is rather poor, and longer intervals had to be used in those cases. (4) 659 (7) 57 ( 
RESULTS: A GLITCH DATABASE
This new search for glitches has found 128 new glitches in 63 pulsars, representing an increase of almost 70% in the number of known glitches. Together, previously published glitches and those found by this search constitute the largest glitch database at the time of writing, comprising a total of 315 glitches in 102 pulsars, including 14 glitches in 6 magnetars. The database contains all the glitches known to us at MJD 55000 (June 2009), hence does not include more recently published events such as those in and Weltevrede et al. (2010) . Epochs, fractional sizes ∆ν/ν and ∆ν/ν, and references for all glitches are listed in Table 1 1 , while a histogram of all glitch sizes, highlighting the new ones, is given in Fig. 2 .
Most of the new glitches found occurred in the period MJD 50500-55000, as earlier data had already been analysed by Shemar & Lyne (1996) and Krawczyk et al. (2003) . However, we have learned to detect and measure smaller glitches (e.g. Janssen & Stappers 2006) , making it easier to identify them in early data, where the signal to noise is typically smaller. As a result, 20 small glitches that had not been reported before were found in data prior to MJD 50500. In addition, two relatively large glitches in the pul-1 Visit http://www.jb.man.ac.uk/pulsar/glitches.html for an online and up-to-date version of Table 1 . log(Δν/ν [10
Figure 2. Histogram of the fractional quantity ∆ν/ν for all 315 glitches. The new glitches are included on top of the previously published ones, using a lighter colour, and the contribution of magnetars is plotted using black filling. Errorbars correspond to the square root of the number of event per bin.
sar PSR B1930+22, observed one after the other in 1987, were also measured and included in the database. The reason that they were not reported before is that data prior and between the two events are poor, only allowing measure- Gullahorn & Rankin (1978) and from comments in the same work.
ments of ∆ν, but no good measurements of ∆ν. Moreover, Gullahorn & Rankin (1978) reported on observations of this pulsar in the period 1975-1976 and mentioned the loss of coherence in the timing residuals towards February 1976. JBO observations of this pulsar, starting in 1978, show relatively higher frequency and spindown rate, confirming the possible occurence of a glitch. The plot in Fig 3 shows the measurement by Gullahorn & Rankin (1978) , after being corrected to the currently known position of the pulsar, and all JBO data. During the search, 83 already published glitches were re-analysed, and the values obtained during the process are included in Table 1 , with references to the original papers given in the last column. A comparison between published estimates of the glitch frequency fractional sizes and those obtained in this work are shown in Fig. 4 . For glitches smaller than ∆ν/ν = 2 × 10 −9 there are a few discrepancies in fractional size, but in general there is a good agreement with published data.
Lower limit on detectability
A lower limit on the detectability of glitch sizes is not simple to determine; it varies from pulsar to pulsar depending upon TOA errors and temporal coverage. However, a rough estimate could be inferred from the whole collection of detected glitches. The accuracy of glitch size measurements seems poor below ∆ν/ν ∼ 10 −8 , as can be seen in Fig. 4 , where the comparison with published measurements is plotted. Nonetheless, the contribution of this work to the total number of small glitches is significant between 10 −10 and 10 −8 , suggesting that, even though their parameters may be poorly constrained, most glitches of similar size have been detected.
The analysis presented in the following sections do not depend strongly on the completeness of the sample towards small glitches.
Visualisation of the new glitches
Plots showing all new glitches are shown in Figs. 5, 6, and 7. For glitches with ∆ν/ν 30×10 −9 double-panelled plots are presented in Figs. 5 and 6 , showing at the top the frequency residuals relative to a simple one-derivative slowdown model fitted to pre glitch data, and the evolution ofν through the glitch at the bottom. The first two glitches seen from PSR B1930+22 are shown separately in Fig. 3 . Fig. 7 shows the timing residuals of all glitches with ∆ν/ν 30 × 10 −9 . For small glitches we only show the timing residuals relative to a slowdown model using a maximum of two frequency derivatives fitted only to pre glitch data. For all plots the horizontal axis has been set such that the origin corresponds to the estimated epoch of the glitch. Fig. 8 shows the location in the period-period derivative space (the P -Ṗ diagram) of every pulsar for which a glitch has been detected. As can be inferred from the diagram, glitches are phenomena which are present in many different populations of neutron stars. Only millisecond pulsars appear not to glitch, with the exception of PSR B1821−24, which has a relatively largeṖ and one of the smallest characteristic ages among all millisecond pulsars (τc = 30 Myr). In general, it can be inferred from the figure that most glitching pulsars have a characteristic age τc less than ∼ 10 Myr.
ANALYSIS

Glitching rate and the characteristic age
It has been noted that glitch activity reduces as pulsars age ( number of glitches per year,Ṅg, for all pulsars known to have glitched and which have been observed for at least 3 years, versus their characteristic age. The number of glitches per year was estimated using the whole observation span, when this was known, or the time between the first and last detected glitch, when no other information was available.
The most frequent glitchers, labelled on the plot, appear to coincide with the objects with more detected glitches, showing that the plot is not completely contaminated by objects observed for relatively short time. The observed glitching rate is clearly correlated with τc, decreasing for pulsars with larger characteristic ages, confirming the trend seen by McKenna & Lyne (1990) in a much smaller dataset. We note that due to selection effects these data are not complete towards low glitching rates. However, this has no effect over those pulsars with large glitching rates.
The maximum glitching rate, for a given value of τc, can be obtained from the envelope defined by the distribution of rates in the plot. To describe the envelope, data were binned There is no much data for PSR J1845−0316 around the glitch at MJD 52128, so no good measurements ofν are possible for this epoch. However, the glitch is easily identified in frequency data.
every half decade of characteristic age, and the maximum glitch rate per bin was selected. By fitting a straight line to these selected values the slope of the envelope was obtained, as shown in the plot. The fit indicates that on average, a pulsar with a characteristic age τc will glitch a maximum of (6 ± 2) × τ −0.48(4) c times per year (with τc measured in kyr). It should be noted that this simple analysis is directly related to the number of glitches observed, and has nothing to do with the size of the glitches. Accordingly, failing to detect small glitches could affect these results. The effect of glitch sizes and their frequency are better studied by the integrated glitch activity, which is introduced in the next section. 
Integrated glitch activity
The cumulative effect of spin-up due to glitches on pulsars, measured over several years, can be used to study the glitch activity and its relationship with other parameters. To increase the statistical power, in its estimation we consider a large number of pulsars, including those that have not yet been seen to glitch. Following Lyne et al. (2000) , the glitch spin-up rate of a group of pulsars is defined aṡ
where the double sum runs over every frequency jump ∆νij due to the glitch j on the pulsar i, and the sum in the denominator is the accumulated years of observation of all the pulsars of the group. To calculate the accumulated total time of observation of different groups of pulsars we use a sample of 622 pulsars that have been observed for more than 3 yr at JBO (Table 3 ) plus all pulsars that have glitched and are not observed at JBO (Table 2 ).
In Lyne et al. (2000) pulsars were grouped according to their value ofν; each group covering a semi-decade of frequency derivative. In Table 4 we have reproduced the same result using the new glitch database and a larger sample of pulsars. The first column contains to the logarithm of the average spindown rate of all pulsars in each semi-decade of frequency derivative. The second column is the total observing 
• Figure 10 . The mean glitch rate Ṅ g versus |ν| (Table 4) . The solid line is a linear fit to the data and has the form Ṅ g ∝ |ν| 0.47(4) .
time span Ti of the group in years and the next four columns are the total number of glitches Ng, the mean glitching rate Ṅ g = Ng/ Ti, the number of pulsars with a glitch detected Npg and the total number of pulsars in the group Np. The 6 th column shows the cumulative effects of the frequency jumps, which when divided by Ti gives the glitch spin-up rate, shown in the last column. Errors for Ṅ g are estimated as Ng/ Ti and the errors for the glitch spinup rate asν glitch / Ng. The new results, plotted in Fig. 11 , are perfectly compatible with those obtained by Lyne et al. (2000) . Thanks to the larger sample, we have been able to reduce the size of the errorbars significantly, and theν range for which a slope close to 1 was claimed is now better defined (for |ν−15| between 10 and ∼ 32, 000, whereν−15 iṡ ν in units of 10 −15 Hz s −1 ). A straight line with a slope of one is included in the plot for comparison. We note that the largest value of the spin-up rate are the result of the high glitch activity of PSR J0537−6910 and the Crab pulsar. Due to the low number of pulsars with very high spindown rate in the sample, these two pulsars dominate completely the integrated glitch activity of the correspondingν bins (see Table 4 ).
The low glitch activity of pulsars with small spindown rates is caused by small and rare glitches. There are no glitches detected for pulsars with |ν−15| < 0.5 Hz s −1 . Fig. 10 shows the mean glitching rate Ṅ g against |ν| using data from Table 4 . A linear fit to that data gives Ṅ g ∝ |ν| 0.47(4) . This suggestst that for the first 3 bins no glitches should be expected for the given accumulated observation times ( Ti), and only one (1.25) glitch should be expected for the bin centred at log |ν−15| = −0.73. Using the same fit, the necessary accumulated time to observe one glitch can be estimated for each bin, and given an assumed glitch size, sensible upper limits for the glitch activity in thoseν bins can be estimated. It is important to notice that the bins centred on log |ν−15| values of 0.25 and −0.22, which present the lowestν glitch values, have the longest accumulated observation times and also the largest number of observed pulsars. There is an increase of more than two orders of magnitude ofν glitch from these bins towards larger spindown rates. This change may imply important differences between objects with lower and higherν values.
The average glitch size for the pulsars in these two bins is 0.0004 µHz, and adding all jumps together the glitch contribution is not larger than 0.004 µHz. By using the estimated accumulated time necessary to observe at least one glitch, and assuming a glitch size of 0.0004 µHz, the glitch spin-up rate for the 4 bins with lowest spindown rate were estimated and plotted in Fig. 11a using white triangles. In the same manner, the glitch spin-up rate was estimated again, but now assuming that the glitch had a frequency size of 0.03 µHz (which roughly corresponds to the centre of the general ∆ν distribution, see § 5.3), and the results are plotted using black triangles. Finally, the glitch activity obtained if a glitch with ∆ν = 1 µHz was detected in the data of pulsars in these 4 bins, using the currently available accumulated observing times, is plotted with a dotted line. As
Ti gets shorter towards lower |ν|, the maximum spin-up rate estimates grow alike.
In Fig. 11b the percentage ofν reversed by glitch activity is plotted as a function of the slowdown rate. For pulsars with low |ν| values, for which no glitch has been detected, the percentage was calculated using the same glitch spinup rates estimated for the upper plot. However, only glitch activity corresponding to one glitch with ∆ν = 0.0004 µHz fall below 1%. If estimated for a glitch activity produced by one glitch with a frequency jump of 0.03 µHz the amount oḟ ν reversed by glitch activity rises up to more than 2%, for log |ν| = 0.018, and about 25% for the first bin. The fact that the percentage ofν reversed by glitches of those pulsars exhibiting the largest glitch activity is always less than 2%, suggests that low spindown rate objects are likely to present smaller or similar ratios. Consequently, the glitch activity values estimated for one glitch having ∆ν = 0.0004 µHz (white triangles) might represent realistic upper limits.
Glitch spin-up rate and the characteristic age
Following the same procedure, the characteristic age τc can be used to divide the sample of pulsars, instead ofν. The sample was divided in half decades of τc and the results are shown in Table 5 and in Fig 12. As expected, due to the dependence of the characteristic age onν, the glitch spin-up rate decreases towards large values of τc. The curve, similar to that depending onν, exhibits a change of slope before becoming zero. The maximum spin-up rate is found for pulsars with characteristic ages around 10 kyr and is about 250 × 10 −15 Hz s −1 . Because in this case PSR J0537−6910 is included together with other pulsars of similar characteristic age, the maximum glitch spin-up rate is about 3 times smaller than the one obtained when grouping pulsars according to their spindown. The glitch activity of pulsars as young as the Crab (τc ∼ 1 kyr) appears to be lower than that of slightly older objects but still large compared to the rest of the sample.
Glitch sizes
Frequency jumps
The distribution of the fractional quantity ∆ν/ν of all detected glitches, shown in Fig. 2 , spans almost 8 decades and exhibits two gaussian-like overlapping peaks, suggesting that glitch sizes follow a bimodal distribution. However, given the difficulties associated with finding a general lower limit for glitch detection, the completeness of the lower end of the histogram is not clear, and the current left edge of the first peak could change substantially if many small glitches were found close to the present limit of detectability.
The same bimodal behaviour is also found in the distribution of the glitch frequency jumps ∆ν, shown in the histograms in Fig. 13 . In this plot, to study the details of the distribution, data were binned using two different bin sizes; either one half a decade wide, or a quarter of a decade wide. It can be seen that the overall distribution is composed of a wide component covering almost the whole range of ∆ν values plus a very narrow peak, centred around ∆ν ∼ 25 µHz, involving the largest jumps.
The contribution of the 6 magnetars that have been reported to glitch is also shown in Fig. 13 , with the small black bins. As already noticed by Dib et al. (2008) , although their fractional sizes are all large, contributing to the height of the second peak in the fractional size histogram (Fig. 2) , they spread in the ∆ν distribution, indicating that their clustering is only due to their very similar low rotational frequencies.
Frequency derivative jumps
Although measurements of ∆ν may not be extremely accurate, for large glitches they are likely to be fairly well estimated. Most estimates of ∆ν/ν are positive, as expected if glitch recovery is understood as an exponential-like decrease to pre-glitch values. Nonetheless, a small number of measurements are negative. Most of these are barely significant values or they may be the result of sharp features in timing noise , which have masqueraded as glitches.
In Fig. 14 the frequency jump ∆ν is plotted against the corresponding jump in frequency derivative ∆ν. The plot includes 288 glitches, using black dots for positive ∆ν values. It is found that in general the two quantities correlate, indicating that large frequency jumps are generally accompanied by large frequency derivative jumps. The same glitches forming the narrow component in the ∆ν distribution are also clustered in this plot, and also show largeν jumps.
Identifying pulsars responsible for the large glitches clustered in the ∆ν-∆ν plot
To identify the objects responsible for these large glitches, all pulsars having undergone at least one glitch with a size contained in the range 10 to 45 µHz, and accompanied by a ∆ν jump between −450 × 10 −15 and −10 × 10 −15 Hz s −1 , were selected. These criteria identified 20 pulsars, which have had a total of 57 glitches satisfying the above restrictions. The selected pulsars are listed in Table 6 , where the number of glitches satisfying the selection criteria are indicated for each pulsar, compared to the total number of glitches observed in that particular object. The restrictions in ∆ν and ∆ν come from visual inspection of the ∆ν distribution and the ∆ν-∆ν plot (Fig. 14) . Glitches with a positiveν jump were not considered in the selections.
The pulsars selected are highlighted in the P -Ṗ diagram in Fig. 15 , which shows all pulsars withṖ > 1.65 × 10 −15 . It can be seen that most selected objects are concentrated in an exclusive region of the diagram, close to the Vela pulsar, which is plotted with a black diamond. The two objects furthest apart, among the selected pulsars, are the X-ray pulsar PSR J1846−0258 (the one with the highestṖ ), and the relatively old PSR B0355+54 (towards the bottom of the plot). The first one has exhibited only one large glitch (∆ν = 19 ± 1 µHz), which was accompanied by magnetarlike burst activity Kumar & Safi-Harb 2008) ; a glitch of this magnitude was not expected in such a young pulsar. PSR B0355+54 suffered a large glitch back in 1986 (Lyne 1987) and only small events have been detected since then (those reported by Janssen & Stappers (2006) ). The pulsar with the shortest period is the X-ray pulsar PSR J0537−6910, which exhibits high glitch activity, with most of its glitches having large ∆ν and ∆ν jumps. The diagram includes 2 lines of constantν enclosing the pulsars for whichν glitch /ν ∼ 0.01 (see Fig 11) .
Cumulative distributions of glitch sizes
Whether an individual pulsar tends to exhibit specific glitch sizes can be studied using a cumulative distribution of glitch sizes. Fig. 16 shows the cumulative distributions of ∆ν for the 6 pulsars with more than 10 detected glitches. In these plots we can see the probability of occurrence of any glitch size. Vela and PSR J0537−6910 appear to have an almost mono-sized glitching behaviour, while, for example, PSR B1737−30 and PSR J0631+1036 undergo glitches of almost any size with similar probability. This is reflected in the fits performed by Melatos et al. (2008) , where Vela and PSR J0537−6910 stand out, by producing comparatively small exponents for the fitted cumulative distributions. According to that work, different exponents are expected, as they would reflect, among some universal properties, the internal temperature of the star. Despite this, they acknowledge that Vela and PSR J0537−6910 exhibit exceptional glitch size distributions.
The ∆ν distributions also show that in general Vela and PSR J0537−6910 undergo glitches with frequency jumps about 10 times larger than all glitches in the other 4 pulsars. However, we are unable to know whether we have observed these 4 pulsars long enough to securely say that they do not undergo larger glitches. Neither Vela nor PSR J0537−6910 are possible to observe at Jodrell Bank, but we believe that all jumps larger than 0.1 µHz and 0.5 µHz have been detected for these two objects, respectively. Vela is an extremely bright source at radio wavelengths, resulting in good signal to noise, and the smallest glitch reported has ∆ν = 0.1 µHz (Cordes et al. 1988 ). In the case of PSR J0537−6910, with the information available Middleditch et al. 2006) it is possible to infer that all frequency jumps larger than 0.5 µHz have probably been detected. These limits ensure that their cumulative distributions are in fact thin and sharp.
DISCUSSION
In order to discuss the results in terms of a popular glitch model, a brief description of that model is presented in the next section. The following sections discuss the results.
Physics of a glitch
There are two main models describing the origin of glitches. The first regards glitches as star-quakes, produced by rear- Figure 11 . Glitch spin-up rate versus the slowdown rate |ν| (top), and the percentage ofν reversed by glitch activity versus the slowdown rate (bottom). The straight line in the upper plot has a slope equal to 1 and is not a fit to the data. For low |ν| values, upper limits for the spin-up rate were estimated assuming that one glitch with size 0.03 µHz (black triangles), or 0.0004 µHz (white triangles) happened during the time necessary to have detected at least one glitch, according to a glitch rate extrapolated from the rest of the population (Fig. 10) . The dotted line represents the spin-up rate if one glitch with ∆ν = 1 µHz was in the data of the pulsars in each bin. The percentage ofν reversed by the simulated glitch activity plotted with white triangles in the upper plot is plotted in the bottom plot, using the same symbols.
rangements of an oblate crust, which would be evolving towards a most spherical shape as the star slows down (Baym et al. 1969) . Glitches in the Crab pulsar could be explained by this model, but the higher glitch activity of Vela goes beyond the maximum activity that changes of oblateness could produce (Alpar et al. 1996; Wang et al. 2000) . However, glitches produced by rearrangements of the crust have not been ruled out completely, and they could still be the cause of many of the glitches observed, as they could be the trigger for the other model described below. The second model considers the inner neutron star superfluid as a reservoir of angular momentum, which is transferred to the crust during rapid events, producing what is Glitch spin-up rate (10 -15 Hz s -1 ) Figure 12 . The mean glitch spin-up rate of pulsars versus characteristic age for pulsars grouped in semi-decade ranges of characteristic age. observed as a glitch (Anderson & Itoh 1975) . A rotating superfluid is organised as an array of quantised vortices carrying the angular momentum of the whole superfluid body, which is proportional to the area density of vortices. Hence, if the superfluid is to be slowed down, vortices would need to move apart to decrease their density and account for the loss of angular momentum. With nothing to stop them, vortices would be expelled at the outer edge of the body, and the superfluid would slowdown normally. However, in the inner crust these vortices will find forces acting against their outward migration, impeding their normal slowdown. The neutron superfluid of a neutron star is surrounded by a dense lattice of ions stabilised by neutrons which, due to the high densities, are also in the form of a superfluid. For the moving vortices it is beneficial, in terms of energy, to pass through the nuclei, which implies pinning there until something brakes the pinning force (Alpar et al. 1984) .
In particular, because the pinned superfluid is not slowing down, the Magnus force between pinned vortices and the rest of the superfluid will increase, as it is proportional to the rotation rate difference between them. For any pinned vortex, given that pinning forces are finite, the rotational lag will reach a critical value, for which the vortex will unpin and move outwards. The model developed by Alpar et al. (1984) includes two dynamically different superfluid components. One of them is continuously pinning and unpinning from the lattice, driven by thermal fluctuations (called vortex creep), or quantum tunnelling (if the temperature is too low). Therefore, this component is slowing down continuously, at the same rate as the crust slows down. The second component, involving only a small portion of the whole neutron superfluid body, is the crustal superfluid, composed of pinned vortices which will unpin only when the Magnus force is able to exceed the pinning forces. Gradients in the pinning forces can cause over-densities of pinned vortices, defining regions with high density of vortices (trap zones) and also free vortex regions. The unpinning of vortices in one dense region could cause the liberation of vortices from other regions in an avalanche like phenomena, producing a sudden angular momentum release, that is compensated by a sudden spin-up of the crust, i.e. a glitch. The collective unpinning of vortices could also be triggered, among others, by crust rearrangements (Alpar et al. 1996 (Fig. 14) . The Vela pulsar is highlighted using a large black diamond. In addition to lines of constant characteristic age and magnetic field, two lines of constantν are drawn, indicating the extremes of theν range for whichν glitch /|ν| ∼ 0.01. Figure 16 . Cumulative distributions of glitch sizes (∆ν) for the 6 pulsars with more than 10 detected glitches. The distributions have been normalised, and give the probability that these pulsars suffered a glitch less than a specific size.
unpinning due to thermal fluctuations and Magnus stress only, introduced as a noncritical self-organised process.
6.2 Glitch activity through the pulsar population As previously described by other works (McKenna & Lyne 1990; Lyne et al. 2000; Wang et al. 2000) , we find that the glitch activity of pulsars correlates well with |ν| and also with τc. In the frame of the pinning-unpinning model, the first relationship is expected, since for a faster spindown the angular velocity lag between the crustal superfluid and the rest of the star would increase faster, being able to reach a critical value in a shorter time. Hence, provided that vortices have places to re-pin, higher spindown rates should produce higher glitch activities. However, the Crab pulsar, which has the largest |ν| among the glitching pulsars, does not exhibit large glitches and its glitch spin-up rate is considerably smaller than that of PSR J0537−6910, which has a similar |ν|. (compare the last two rows in Table 4 , corresponding almost purely to PSR J0537−6910 and the Crab pulsar, respectively).
The different glitch activity of these two pulsars could be related to age, as proposed by Alpar et al. (1996) to explain the differences between the Crab and Vela pulsars. Although the characteristic age is not an accurate age estimator, the age of the respective supernova remnants confirm that the Crab pulsar (τc ∼ 1 kyr) is younger than PSR J0537−6910 (τc ∼ 5 kyr) and the Vela pulsar (τc ∼ 11 kyr) (Comella et al. 1969; Marshall et al. 1998; Aschenbach et al. 1995) . In general, very young pulsars like the Crab, with τc < 5 kyr, undergo small or medium sized glitches (∆ν < 10 µHz), and show a glitch activity lower than older objects, like the Vela pulsar (Fig, 12) . Additionally, their glitch activity seems to influence the long term spin evolution to a lesser extent; the evolution ofν in the Crab pulsar, though interrupted by glitches, is almost linear, while in the case of Vela glitches interrupt the evolution almost completely. Perhaps higher temperatures in younger pulsars prevent the glitch mechanism from working as efficiently as it does for Vela-like pulsars (McKenna & Lyne 1990; Link et al. 1999) . In terms of vortex unpinning, under higher temperatures thermal fluctuations could effectively compete against pinning forces, and impede the formation of large pinning zones. Moreover, Alpar et al. (1996) suggested that through quakes the Crab pulsar is still creating vortex depletion zones, which by the time the Crab pulsar is as old as Vela, it will behave like Vela, producing larger glitches and higher glitch activity. In this model, the current glitch activity of the Crab pulsar is driven by star-quakes. Similarly, Middleditch et al. (2006) proposed that in general young objects are just creating their first surface cracks, that generate vortex depletion and trap zones, which will later be able to produce the large glitch activity seen in objects like Vela.
The glitch activity is observed to decay steadily towards larger characteristic ages (between 5 kyr and 10 Myr), and the same decay is also observed as a function of |ν|. In the range 10 < |ν−15| < 10 5 (Fig. 11a) , the slope of the glitch spin-up rate is very close to +1, implying a simple proportionality between glitch activity and spindown rate. In terms of vortex unpinning, this may reflect the linear dependence of the Magnus force with the velocity lag between the crust Table 1 . The straight line is a fit to the data and has a slope of 0.71(5).
and the neutron superfluid, supporting this model as the main mechanism producing glitches on these pulsars. In such a scenario, lower spindown rates would imply larger times between glitches, but not necessarily a decrease of glitch sizes, which depend directly on the amount of vortices that are unpinned. Consequently, no significant change in glitch size behaviour is observed for these pulsars, as inferred from the plot in Fig. 17 , that shows ∆ν versus |ν|. Moreover, a monotonous decrease on the number of glitches per year is in fact observed in the plot in Fig. 10 , that shows the integrated glitching rate versus spindown rate. While the glitching rate seems to decrease monotonically as the spindown rate does, the glitch activity presents a point where the general slope changes. This is caused by the significantly lower glitch spin-up rate of pulsars with |ν−15| < 10, which appear to present an abundance of small glitches; these pulsars exhibit a large proportion of jumps below 0.001 µHz, a size that is not generally observed in higher spindown rate objects (see Fig. 17 ). The change in slope comes with a significant drop of the percentage ofν reversed by glitches (ν glitch /|ν|), from about 1% to less than 0.01%, as |ν| decreases (Fig. 11b) .
The ratioν glitch /|ν| is closely related to I csf /I, where I csf is the moment of inertia associated with the crustal superfluid, and I is the moment of inertia involved in the normal spindown of the star, corresponding to the crust and the main superfluid bulk. Ruderman et al. (1998) assumes both ratios to be proportional, while Link et al. (1999) considersν glitch /|ν| as the minimum possible value for I csf /I. Hence, the amount of crustal superfluid, or its minimum amount, varies between 0.5% and 1.6% for pulsars with −32000 ≤ν−15 ≤ −10, which corresponds to those forming the +1 slope part of the spin-up rate curve (Fig. 11) . Outside this range, the portion of crustal superfluid decreases about 2 orders of magnitude.
For low spindown rate pulsars, a smaller amount of crustal superfluid would agree well with the existence of mostly small glitches; and these could be still produced by the same mechanism acting on larger spindown rate pulsars. In principle, such a situation should not produce any change on the number of glitches per year, as is in fact observed (see Fig. 10 ). The causes of this significant decrease of crustal superfluid may be related to a possible evolution of the trap zones, due to changes in temperature or other internal physical parameters. Two lines of constant |ν| indicating the upper and lower limits of the +1 slope section of the glitch spin-up rate curve are drawn in the P -Ṗ diagram in Fig. 15 . The line crosses the centre of the main bulk of pulsars in the diagram.
For the Crab pulsar (ν−15 ∼ 3.9 × 10 5 ) a very small amount of superfluid involved in its glitch activity may explain its relatively low glitch spin-up rate, compared slightly higher spindown rate objects (Fig. 11) . In opposition to low spindown objects, glitches in the Crab pulsar are not particularly small, a fact that may support the hypothesis proposing quake-driven glitch activity on the Crab pulsar and other very young neutron stars.
Glitch size distributions
The study of the frequency jump distribution of all detected glitches showed that most glitches present a frequency jump of between 0.001 and ∼10 µHz in size. Additionally, a number of events exhibit larger jumps, narrowly distributed around ∆ν ∼ 25 µHz. These glitches also show large ∆ν jumps, and are found tightly grouped in a ∆ν-∆ν plot, almost isolated from all other glitches (Fig. 14) . Most pulsars responsible for these large glitches are Vela-like pulsars, in the sense that they have similar rotational parameters, implying similar characteristic ages and magnetic fields. Those pulsars satisfying the selection criteria applied to identify these objects, but that are not Vela-like pulsars, may belong to the wide component of the overall ∆ν distribution.
The cumulative distribution of glitch sizes in the left plot in Fig. 16 suggested that there may be two styles of glitching, leaving Vela and PSR J0537−6910 as representatives of a special class, that mainly presents glitches with a similar size, having low probability for smaller events. In contrast, pulsars like PSR B1737−30 and PSR J0631+1036 present broad glitch size distributions. Presumably, many of the pulsars selected by their ∆ν and ∆ν values present sharp and narrow cumulative glitch size distributions, like Vela and PSR J0537−6910. In Table 6 the number of glitches satisfying the selection criteria per pulsar are indicated, along with the total number of detected glitches for that particular pulsar. Objects like PSR B1757−24, PSR B1800−21, PSR B1823−13 and PSR B1930+22 seem to have a large proportion of large glitches over small ones. On the other hand, PSR J0729−1448 has only had one large glitch, after 5 very small events. In general, pulsars exhibit very different glitching behaviours and it is difficult to associate them according to their glitching properties. However, Vela and PSR J0537−6910 present clear similarities that may be shared with other Vela-like pulsars, suggesting they have something in common, which is not found in the rest of the population.
While the above arguments are related to the specific values of the frequency jumps, the times between glitches have not been considered. Vela and PSR J0537−6910 have been characterised as quasiperiodic glitchers (Link et al. 1999; Middleditch et al. 2006; Melatos et al. 2008) , because their glitches occur at semi-regular intervals of time. There are indications of the same regularity between large glitches in the Vela-like pulsars PSR B1757−24, PSR B1800−21, and PSR B1823−13, with the average time between glitches varying from pulsar to pulsar. Melatos et al. (2008) analysed the size and waiting times distributions of a number of pulsars and related their glitch activity to avalanche dynamics. In this context the existence of quasiperiodic glitchers comes natural and it is seen as the result of mean-field forces dominating local interactions, which in this case would refer to the crust slowdown and thermal fluctuations.
The different glitching properties between Vela-like pulsars and other glitching pulsars with large spindown rate do not seem to be related to the amount of crustal superfluid, as these objects are well integrated in the general glitch spin-up rate trend, defined by most pulsars in the range −32000 ≤ν−15 ≤ −10 (Fig. 11) . Vela-like pulsars seem to enjoy a very stable situation, in the sense that the unpinning of a very similar amount vortices (i.e. similar glitch sizes) is produced at regular intervals of time. Other objects, like B1737-30 and J0631+1036, even though with a similar characteristic age to Vela, appear to be in a more chaotic state, where glitches of any size can happen at any time. This could be understood as an inhomogeneous distribution of pinning zones, with different pinning capacities; or as the absence (or small presence) of whichever dynamic dominates the glitch activity of Vela-like pulsars. At present, it is not clear whether these differences are part of the normal evolution in the life of pulsars, or these are exclusive properties of a different class.
CONCLUSIONS AND SUMMARY
A new search for glitches in the rotational behaviour of radio pulsars, using the Jodrell Bank pulsar timing database, found a total of 128 new glitches in 63 pulsars. These glitches plus those already published constitute the largest glitch database yet assembled, containing 315 glitches in 102 pulsars.
The glitch database and a sample of 622 pulsars observed for at least 3 years at JBO, were used to estimate the glitch spin-up rate (ν glitch ) as a function of the characteristic age (τc), and as a function of the first derivative of the spin frequency (ν). The glitch spin-up rate peaks for pulsars with τc ∼ 5 kyr, and as τc increases, the rate decreases linearly (in a logarithmic space) over 4 orders of magnitude until τc ∼ 5 Myr. For longer τc the glitch activity decreases with a higher rate and it disappears for τc > 20 Myr. Towards the other end, for Crab-like pulsars (τc < 5 kyr), the glitch activity seems to be lower than for Vela-like pulsars (τc ∼ 10 kyr), an effect attributable to higher temperatures or insufficient vortex trap capacity.
The amount ofν reversed by the cumulative effect of glitches varies between 0.5% and 1.6% for pulsars having slowdown rates |ν−15| between 10 and 32,000, which includes all pulsars with a characteristic age between 5 and 100 kyr as well as a few other older objects (see the P -˙P diagram in Fig. 15 , where lines of constantν and τc indicating these limits are drawn). Towards both extremes, for faster and slower spindown rates, this ratio decreases quickly, reaching values around 0.01% (Fig. 11b) . In the pining-unpinning model these percentages may be indicative of the amount of superfluid that is involved in the glitch activity. In this context, the linear increase ofν glitch with |ν| can be understood as a direct consequence of the linear dependence of the Magnus force with the velocity lag between the two inner components of the star.
Low spindown rates combined with small portions of crustal superfluid could explain the presence of mostly small glitches among low |ν| pulsars. On the other hand, the glitch activity of high |ν|, or very young objects like the Crab pulsar, appears well explained by crust rearrangements, quakes or crack growing like models. In this way, despite having small portions of crustal superfluid, these pulsars could still suffer of medium sized glitches and exhibit a relatively low glitch spin-up rate, as observed.
Among the pulsars for which the percentage of the slowdown reversed by their glitch activity is around 1%, the study of glitch sizes showed that there are at least two different glitching styles. One exhibits glitches of any size, typically exhibiting 0.0001 ≤ ∆ν ≤ 10 µHz, at random intervals of time; PSR B1737−30 and PSR J0631+1036 are good representatives of this kind of activity. The other one is restricted to an almost unique glitch size, between 10 and ∼ 45 µHz, accompanied with ∆ν jumps in the range −450 × 10 −15 < ∆ν ≤ −10 × 10 −15 Hz s −1 , and occurring at semi-regular intervals of time. The pulsars responsible for this glitch activity are mostly Vela-like pulsars, occupying an exclusive place in the P -Ṗ diagram. The differences between the glitching properties of Vela-like pulsars and some other glitching pulsars, like PSR J1737−30 and PSR J0631+1036, suggest that either there are different classes of pulsars, or there is an evolutionary trend, being a moment in the life of pulsars at which the glitch activity turns into Vela-like. In this last scenario, the evolution of the spatial distribution and relative sizes of vortex trap zones may be of relevance to explain the transition between the two different glitching styles observed.
